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We report the structural, magnetic and transport properties of polycrystalline CrVTiAl alloy
along with first principles calculations. It crystallizes in the LiMgPdSn type structure with lattice
parameter 6.14 A˚ at room temperature. Absence of (111) peak along with the presence of a weak
(200) peak indicates the antisite disorder of Al with Cr and V atoms. The magnetization measure-
ments reveal a ferrimagnetic transition near 710 K and a coercive field of 100 Oe at 3 K. Very low
moment and coercive field indicate fully compensated ferrimagnetism in the alloy. Temperature co-
efficient of resistivity is found to be negative, indicating a characteristic of semiconducting nature.
Absence of exponential dependence of resistivity on temperature indicates a gapless/spin-gapless
semiconducting behaviour. Electronic and magnetic properties of CrVTiAl for three possible crys-
tallograpic configurations are studied theoretically. All the three configurations are found to be
different forms of semiconductors. Ground state configuration is a fully compensated ferrimagnet
with band gaps 0.58 eV and 0.30 eV for up and down spin bands respectively. The next higher
energy configuration is also ferrimagnetic, but has spin-gapless semiconducting nature. The highest
energy configuration corresponds to a non-magnetic gapless semiconductor. The energy differences
among these configurations are quite small (< 1 mRy/atom) which hints that at finite temperatures,
the alloy exists in a disordered phase, which is a mixture of the three configurations. By taking
into account the theoretical and the experimental findings, we conclude that CrVTiAl is a fully
compensated ferrimagnet with predominantly spin-gapless semiconductor nature.
PACS numbers: 75.50.Gg, 75.50.Pp, 75.50.Ee, 78.40.Fy, 61.43.-j, 85.75.-d, 31.15.A
I. INTRODUCTION
Spintronics is an emerging branch of electronics in
which the spin degree of freedom is added to the charge
degree of electron to realize many advantages such as
non-volatility, high processing speed, low power con-
sumption, high storage density etc. over the conventional
electronics.1–7 The utilization of the spin degree of free-
dom i.e., in spintronic devices, can be found in spin diodes
used in magnetic hard disks, read heads, magnetoresis-
tive random access memory (MRAM), spin transistors,
tunnel diodes, vortex oscillators etc.8–12 For realization
of spintronic devices, special materials are required, for
example, their electrical conduction should be restricted
to one type of spin carriers. Such a phenomenon is seen
in half metallic ferromagnets (HMF), spin gap-less semi-
conductors (SGS), semiconducting spin filters etc.3,13–16
Among the discovered materials, fully compensated fer-
rimagnetic (FCF) materials have gained a lot of inter-
est recently.17–19 Leuken and Groot showed theoretically
that this new class of materials can show 100 % spin po-
larization without having a net magnetic moment, and
hence given the name half metallic antiferromagnetic ma-
terials or fully compensated ferrimagnets.20 However, for
the antiferromagnets, symmetry demands the same den-
sity of states (DOS) for spin up and spin down bands.19,21
Due to symmetric bands and DOS, both the spin chan-
nels equally contribute to electrical conductivity, which
results in zero net spin-polarized current. Such a scenario
is not always true for FCF materials, which usually con-
tain three or more magnetic ions with moments aligned
in such a way that the net magnetization is nearly zero.
Some of the unique properties and advantages of FCF
materials are (i) nearly zero magnetic moment which cre-
ates no external stray fields, resulting in low energy losses
(ii) spin sensitivity without stray magnetic fields, which
allows them not to disturb the spin character and make
them ideal for spin polarized scanning tunnelling micro-
scope tips and improved density of circuit integration in
a chip22 (iii) low shape anisotropy, which helps in appli-
cations in spin injection etc. These properties make them
superior compared to HMF materials and are very much
in demand today.
Though Heusler alloys are known for many decades,
they gained renewed interest because of the develop-
ments in the field of spintronics.4,23–27 Ozdogan et al.
studied the electronic and magnetic properties of qua-
ternary Heusler alloys (QHAs) theoretically by using
the full-potential non-orthogonal local-orbital minimum-
basis band structure scheme (FPLO).28 Among the stud-
ied alloys, CrVTiAl (CVTA) has attracted a lot of inter-
est and the preliminary band structure studies indicated
it to be an antiferromagnetic semiconductor. Later, it
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2FIG. 1. Schematic density of states (DOS) of various types of
semiconductors. a) conventional semiconductor (CS) in which
both up (↑) and down (↓) spin bands have finite and equal
band gaps. b) a gapless semiconductor (GS) where both the
spin bands have vanishing band gap. c) a magnetic semicon-
ductor (MS) in which the band gaps of up and down spin
bands are finite but unequal. d) a spin-gapless semiconduc-
tor in which any one band (up or down) is gapless while the
other is with finite gap.
was found that it is a fully compensated ferrimagnet with
distinct magnetic moments at Cr, V and Ti ions.29,30
Schematic density of states of different classes of semi-
conductors are displayed in Fig. 1. Figure 1 (a) is a
conventional semiconductor (CS) in which both spin up
and spin down bands have equal band gap (∆Eg). In
thermal equilibrium, the intrinsic charge carrier concen-
tration is given by31
ni = 2
(
kBT
2pi~2
)3/2
(memh)
3/4e−(∆Eg/2kBT ). (1)
Here me(mh) is the effective mass of electron(hole).
The conductivity in CS is dominated by exponential
term. Figure 1 (b) is the special case in which gap closes
(∆Eg ≈ 0) (for example HgTe) in which ni varies as
T 3/2.32 Figure 1 (c) is a typical magnetic semiconduc-
tor in which band gap for each spin band is finite but
not equal, resulting in spin polarized intrinsic carriers
and hence used in spin filters. Figure 1(d) is the special
class of magnetic semiconductors in which one of the spin
bands encounters zero gap (∆Eg↑ ≈ 0), while the other
has a finite gap.14,33,34 In this case, the concentration of
intrinsic spin up carriers (n↑), which varies as T 3/2 dom-
inates in comparison to that of spin down carries (n↓),
which varies in an exponential manner and as a result,
the temperature dependence of the total concentration of
intrinsic carriers slightly deviates from pure T 3/2.
An experimental investigation carried out by
Stephen et al., has shown CVTA to be a magnetic
semiconductor,35 but they attributed the resistivity be-
haviour to a combination of metallic and semiconducting
contributions. According to them, the magnetization
depends linearly on the field, indicating the antifer-
romagnetic behaviour. However, a close inspection of
their XRD pattern reveals small peaks near (220), which
is indicative of secondary phase(s). In addition, their
sample shows a (111) peak with considerable intensity,
unlike ours. The nearly equal electronegativities of Al
and Cr/V causes the antisite disorder between these
sites resulting the absence of superlattice (111) peak
in the XRD.36 In view of these differences and with
the aim of shedding more light into the anomalous
properties exhibited by this alloy, we have carried out
a combined theoretical and experimental study, which
predicts entirely different set of properties than what is
reported earlier.
II. EXPERIMENTAL AND THEORETICAL
DETAILS
Polycrystalline CrVTiAl alloy was prepared by arc
melting the stoichiometric proportions of constituent el-
ements with purity at least 99.99 %. Room temperature
X-ray diffraction (XRD) patterns were collected using
X’Pert Pro diffractometer using Cu Kα radiation. The
crystal structure was analyzed by Rietveld refinement us-
ing FullProf suite.37
The crystal structure of QHAs of type XX′YZ (where
X, X′, Y are transition elements and Z is the main group
element), can be described by three distinct (symme-
try inequivalent) possible arrangements of atoms.4,36 The
structure consists of 4 wyckoff sites 4a, 4b, 4c and 4d. By
fixing Z at 4a site, the distinct configurations are
(I) X at 4b, X′ at 4c and Y at 4d sites ,
(II) X at 4c , X′ at 4b and Y at 4d sites,
(III) X at 4d , X′ at 4c and Y at 4b sites
respectively. The structure factor for the first configura-
tion is given by
Fhkl = 4(fz+fye
pii(h+k+l)+fxe
pii
2 (h+k+l)+fx′e
−pii2 (h+k+l))
(2)
with unmixed (hkl) values. Here fz,fy,fx and fx′ are the
atomic scattering factors for the atoms Z, Y, X and X′
respectively. Therefore, the magnitudes of
F111 = 4[(fz − fy)− i(fx − fx′)] (3)
F200 = 4[(fz + fy)− (fx + fx′)] (4)
F220 = 4[fz + fy + fx + fx′ ] (5)
are used to classify the order of the crystal structure.
Magnetization measurements (from 2-400 K) were per-
formed implementing zero field cooled warming (ZFCW)
and field cooled warming (FCW) protocols in 500 Oe
using vibrating sample magnetometer (VSM, Quantum
Design). High temperature magnetization measurement
was carried out using (MPMS) in field warming (FW)
mode at 1 kOe. Resistivity (ρ) measurements were car-
ried out using Physical Property Measurement System
(PPMS) by four probe method applying 5 mA current.
3A. Theoretical Details
Spin-resolved Density Functional Theory (SDFT) as
implemented in Quantum Espresso (QE) package38 was
used to calculate the band structure and magnetic prop-
erties of CVTA. The exchange-correlation functional
was taken within the generalized gradient approxima-
tion (GGA) in the parametrization of Perdew-Burke-
Ernzerhof (PBE).39 The pseudo potentials with Pro-
jector Augmented-Wave method40 were generated using
PSlibrary and QE. Self consistent calculations were car-
ried out using 24×24×24 k-point mesh with Methfessel-
Paxton smearing of width 0.005 Ry, resulting in 413 k-
points in the irreducible wedge of the Brillouin zone. The
energy convergence criterion was set to 10−9 Ry. The ki-
netic energy of the plane wave expansion (energy cutoff
Ecut) was restricted to 60 Ry and charge density expan-
sion to 700 Ry. Non-self consistent field calculations were
carried out using 48×48×48 k-point grid. Projected den-
sity of states (DOS) were extracted with an energy width
of 0.0025 Ry.
Thermal charge carrier concentration was calculated
using theoretical DOS, D(E). The electron density
above the Fermi energy (EF) at finite temperature T is
D(E)f(E). Hence the total number of thermally created
electrons is
ne(T ) =
∫ ∞
E=0
D(E)f(E)dE. (6)
Here EF is taken as the reference level, f(E) = 1/(1 +
exp(−E/kBT )) is the Fermi function. In a similar man-
ner, the total number of thermally created holes can be
found by the expression
nh(T ) =
∫ 0
E=−∞
D(E)[1− f(E)]dE. (7)
In an intrinsic semiconductor, at thermal equilibrium,
the number of thermal electrons is equal to the number
of created holes i.e., nei = nhi =
√
nenh. In addition to
the thermally created charge carriers, there exists finite
number of charge carriers ne0 even at T = 0. So the total
number of intrinsic carriers at a given T is n = 2
√
nenh+
ne0. To obtain spin resolved total carriers one has to
replace D(E) with spin resolved density of states. The
intrinsic spin polarization is obtained by the following
expression
P (T ) =
n↑(T )− n↓(T )
n↑(T ) + n↓(T )
× 100. (8)
III. EXPERIMENTAL RESULTS
A. Crystal Structure
CVTA is found to crystallize in the LiMgPdSn (space
group F4¯3m, # 216) prototype structure (or Y struc-
ture) with a lattice parameter of aexp = 6.14 A˚. Figure
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FIG. 2. Rietveld refined room temperature XRD of CVTA.
The super-lattice (111) reflection is absent whereas a weak
(200) peak is present (see inset).
2 shows the XRD pattern for CVTA. Inset shows the
zoomed region near (200) peaks. The absence of (111)
and the presence of (200) superlattice peaks usually in-
dicate the existence of B2 type disorder. For this type of
antisite disorder to occur, there should be simultaneous
disorder between two pairs of atoms occupying octahe-
dral sites and tetrahedral sites i.e., disorder between one
pair of X and X′ and another pair of Y and Z. Because
of this, the resulting structure resembles the CsCl type
structure. Rietveld refinement with B2 disorder did not
fit well for (200) peak. Observed peak intensity was much
less than the calculated value for this peak. Subsequently
it was fitted to DO3 type anti-site disorder which yielded
good agreement between the experimental data and the
theoretical pattern. As Cr, V and Al have nearly same
electronegativity values, it is more probable to have anti-
site disorder among these atoms. Due to the large ionic
radius and least electronegativity, Ti ions are less prone
to have antisite disorder with other atoms. However, it is
to be noted that XRD analysis alone cannot completely
resolve the structural disorder in this alloy.
B. Magnetic and Transport Properties
For QHAs composed of atleast two elements having less
than half-filled d electrons, the saturation magnetization
obeys the Slater Pauling (SP) rule,28,41,42
M = N − 18 µB/f.u. (9)
where N is the total number of valence electrons in the
alloy.
Figure 3 (a) and (b) show the M-T and M-H data
which clearly indicate a very small moment of CVTA
(∼ 10−3 µB/f.u.) and the magnetic ordering tempera-
ture is high (∼ 710 K, see the inset of Fig. 3(a)). M-H
curve, as shown in Fig. 3(b), has a low, nonzero hystere-
sis (see also the inset). The behaviour remains almost
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FIG. 3. (a) Temperature dependence of magnetization in
ZFCW and FCW modes. The inset shows the temperature
dependence of magnetization in high temperature regime. (b)
The field dependence of magnetization. The inset shows the
magnetization in zoomed scale. (c) The temperature depen-
dence of electrical resistivity in different fields.
the same at high T. Observation of extremely low mo-
ment with finite hysteresis indicate the strong possibility
of fully compensated ferrimagnetic nature, as also found
in our simulation. The outcome of nearly zero moment
is consistent with the SP rule, which is a prerequisite
for spintronics materials. Stephen et. al.,35 on the other
hand, reported a linear M-H curve, which may be due to
the presence of small impurities present in their sample.
Figure 3(c) shows temperature dependence of resis-
tivity in different fields. The resistivity shows negative
temperature coefficient, suggesting semiconducting be-
haviour. In intrinsic semiconductors, the variation of ρ
with T is dominated by exponential term, as shown in Eq.
1. Hence the absence of such a term in CVTA indicates
either gapless or spin-gapless semiconducting nature.
IV. THEORETICAL RESULTS
We have fully relaxed the experimentally formed crys-
tal structure (space group # 216) in three distinct config-
urations, I, II and III, as described in Sec. II. The whole
idea of performing these simulations was to get a better
understanding of the XRD results (e.g. absence of (111)
peak) which is not enough to clarify a few of the struc-
tural aspects. Table I shows the relaxed lattice param-
eter (a0), total and atom projected magnetic moments
and the total energy (E0) for the three configurations.
TABLE I. Relaxed lattice parameter (a0), atom-projected
magnetic moments, total moments (µB) and total energy (E0)
for the three configurations I, II and III of CVTA.
Type a0 (A˚) m
Cr mV mTi mTotal E0(Ry/atom)
I 6.08 0.00 0.00 0.00 0.00 -171.370934
II 6.15 2.25 -1.26 -0.98 0.00 -171.370997
III 6.19 2.80 -2.29 -0.49 0.00 -171.371658
Among these, the configuration III was found to be
energetically the most stable one with lattice parameter
a0 = 6.19 A˚. The total energy difference among the three
configurations is less than 1 mRy/atom which hints that
at finite temperature CVTA could be a mixture of these
three configurations, responsible for the observed disor-
der. In order to understand the effect of this disorder,
we studied all the three configurations in detail.
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FIG. 4. Spin polarized band structure and DOS for the config-
urations, I, II and III of CVTA at relaxed lattice parameters
(a0). Left-side bands correspond to spin up while right-hand
side is for spin down.
Calculated spin polarized band structure and DOS for
all the three configurations are shown in Fig. 4. Cal-
culations for all the three configurations were initiated
with a ferrimagnetic arrangement of spins with moments
at Cr-atoms aligned antiparallel to those of V and Ti.
5FIG. 5. (a) Fermi surface (FS) is same for both up and
down spin bands of configuration I. It has spherical shape
and crosses at X point. (b) Fermi surface for the spin down
band of configuration II. It has oblate shape and crosses at X
point. Configuration III does not have any FS.
This was done keeping in mind the vanishingly small ex-
perimental net moment (see previous section) and other
theoretical reports where ferrimagnetic arrangement was
proposed to be the stable phase. In our case, configura-
tion I converges to a non-magnetic phase with identical
spin up and down bands, and consequently has the lowest
magnetic ordering temperature. Both spin up and down
bands are gapless with nearly zero DOS at EF, indicating
the gapless nature. It acquires an indirect band gap with
conduction band minima touching at X-point and valence
band maxima at other k-point. Figure 5(a) shows the
Fermi surface plot for configuration I. As expected, both
spin up and down Fermi surfaces are identical, with tiny
spherical shape and are shared by neighbouring Brillouin
zone. The essential features of DOS and band structure
remain unchanged at aexp and hence its physical proper-
ties (transport and magnetic) are robust.
In the case of configuration II, irrespective of the ini-
tial magnetic moments at each site, the calculations con-
verged in a ferrimagnetic arrangement with Cr moments
aligned antiparallel to V and Ti. For this configuration,
DOS and band structure for spin down channel mostly
resemble that of configuration I, except for the shape
and size of Fermi surface at X-point, indicating gapless
nature for spin down channel. The shape of the Fermi
surface, as shown in Fig. 5(b) is oblate, centred at X-
point and equally shared by neighbouring Brillouin zone.
The size of the surface is more than double that of con-
figuration I. There is almost no change in the DOS and
band structure of spin down channel with a0 and aexp,
indicating that its spin down gapless nature is robust
against small changes in a. On the other hand, DOS and
band structure for spin up channel shows a clear indirect
band gap of ∆E↑g = 0.36 eV, revealing semiconducting
nature. There is no observable change in ∆E↑g with lat-
tice parameter indicating that its semiconducting nature
is also robust against small changes in a. Due to the ab-
sence of symmetric DOS and band structure along with
relatively high absolute magnetization (4.64 µB/f.u.), its
magnetic ordering temperature is expected to be very
high. Such a phase with zero gap in one spin band and
finite gap in the other gives rise to a fully compensated
ferrimagnetic, spin-gapless semiconductor.
Similar to configuration II, configuration III is also
found to be ferrimagnetic. However the later has ∆E↑g =
0.58 eV and ∆E↓g = 0.30 eV at a0, indicating that it is
a magnetic semiconductor. Spin up and down gaps are
reduced to 0.55 eV and 0.25 eV respectively at aexp. Ab-
sence of Fermi surfaces (no states at EF) for both spin
channels also confirms the magnetic semiconducting na-
ture. Presence of large exchange splitting gaps and a
large absolute magnetization (5.92 µB/f.u.) indicates a
large magnetic ordering temperature.
All the properties of configuration III (such as mag-
netic state, ∆E↑,↓g etc.), which corresponds to ground
state one, are in good agreement with the earlier reports
by Ozdogan et. al with exception of sign of moments on
all ions. As a result, DOS and band structure are in-
terchanged for spin up and down electrons. In addition,
they reported a small positive moment on Al ions which
also has an opposite sign in the current study. Notably,
Cr and V moments are aligned in opposite directions and
the resulting moment is compensated by Ti ions (see Ta-
ble I).
It is important to note that all the configurations show
different forms of semiconductors, with two of them con-
verged into the ferrimagnetic state. In order to under-
stand the true nature of the semiconductor, it is quite
relevant to study the temperature dependence of the
transport properties i.e., intrinsic carrier concentration
(n) and spin polarization (P ). Figure 6 shows the tem-
perature dependence of these quantities for the three con-
figurations. Configuration I, being almost non magnetic,
has negligible spin polarization (P ), although they indeed
have a finite carrier concentration due to small states at
the Fermi level (EF), For configuration II and III, the spin
up carrier concentration is negligibly small due to vanish-
ing states at EF. The spin down carrier concentration,
on the other hand, is large but has very different nature
of T-dependence for the two configurations (II and III).
Interestingly, in the case of configuration III, n shows an
almost straight line behaviour, which is neither exponen-
tial nor T3/2. The magnitude, however, is much smaller
(n ∼ 2) compared to the other two configurations. Spin
polarization values for these two configurations are high.
V. DISCUSSION AND CONCLUSION
Experimental results reveal that CrVTiAl is a fully
compensated ferrimagnet with DO3 disorder among Al,
Cr and V atoms. First principle calculations within GGA
approximation predict configuration III as the ground
state, which is a fully compensated ferrimagnet with un-
equal band gaps for spin up and down channels. How-
ever, the energy differences among all the three config-
urations (I, II and III) are small, which indicates the
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FIG. 6. Spin resolved intrinsic carrier concentrations (left axis) and spin polarization (right axis) vs. temperature (between
3-400 K) for configuration I (left), II (middle) and III (right panel) for CVTA.
possibility of a mixed phase or disordered phase at fi-
nite T. One can consider the disordered state as a lin-
ear combination of all the three independent configura-
tions (with probabilities proportional to their Boltzmann
factors) yielding either spin-gapless, gapless semiconduc-
tor or magnetic semiconductor with reduced band gaps.
This concept originates from the fact that the disordered
Kohn Sham (KS) orbitals (Φdis) can be written as linear
combination of KS orbitals (Φ) of each configuration i.e.,
Φdis = cIΦI +cIIΦII +cIIIΦIII where ci ∝ exp(−Ei0/kBT ).
Such a linear combination is possible due to the fact that
all the three pure configurations have vanishing states
at the Fermi level, unlike most of the reported cases
in which certain configurations alone have finite states
at EF. At the observation level, the above linear com-
bination presents itself as having a predominantly SGS
property, because the first term is energetically least at-
tainable and non magnetic while the third term is not
effective as the DOS (D↑,↓(E)) is zero at the Fermi level
(E↑,↓g  kBT ). The last scenario can change if there are
impurities, which will alter the SGS nature seen in our
sample.35
In conclusion, we identify the true crystallographic and
magnetic ground states of CrVTiAl with the help of a
joint theoretical and experimental investigation. While
the magnetic ground state is uniquely identified as a fully
compensated ferrimagnet, the balance between spin gap-
less nature and the magnetic semiconducting nature ap-
pears to be quite delicate according to the theoretical
calculations. However, by combining the experimental
data of transport measurement, we are able to conclude
that the alloy is predominantly a spin gapless semicon-
ductor.
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